Pollutant emissions in river basins may be subject to change. How can we succeed in predicting future pollutant emissions and risks? The approach presented here is based on the hypothesis that the existing scenarios on developments in society may provide useful indications on future pollutants. To begin with, the results of four societal scenario-based analyses showed that some developments are directly connected to consumption and the emission of specific substances. Second, it appeared that the effects of other development scenarios are more complex, such as those associated with climate change. Quantitative statements with regard to the implications of such scenarios on future pollutants can be particularly difficult. A third important group of changes are technological developments. Frequently observed changes in this respect are substitutions of problematic substances by substances with a similar structure. When the pollutant consequences of future development scenarios are taken together it will be possible to explore political, societal, or technical mitigation efforts which can be undertaken now or in the near future to counteract the effects of developments that are considered as extremely hazardous for man and the environment. Thereby, a careful monitoring of developments in society can help to develop appropriate strategies which should include preemptive emission and impact reduction efforts. Finally, we developed recommendations how to manage future emerging pollutants in river basins.
Background and objectives of the review
Pollutants in river basins can change with time. Over the last few decades, increasing numbers of pollutants have been found in European waterbodies [1, 2] and globally, not only via better detection techniques, but also regarding the really enriched composition of the combined exposures. In this review, the term "emerging pollutants" (EPs) is used as defined by the NORMAN Network, an international institution which enhances the exchange of information on emerging environmental substances, and encourages the validation and harmonization of common measurement methods and monitoring tools [3] . "Emerging pollutants" Substances currently not included in routine environmental monitoring programs and which may be candidates for future legislation due to their adverse effects and/or persistency [4] .
Up to now, around 970 emerging pollutants have been detected by the NORMAN Network group during the last 10 years [4] . It has been shown that EPs affect ecosystems and human health and reduce the quality of water bodies [1, 5, 6] . The most important sources of EPs including hospitals, animal husbandries, household discharges, companies manufacturing drugs, and wastewater-and sewage-treatment plants are shown in [1, 5] . Inputs of disposal of municipal, industrial, and agricultural wastes, excretion of pharmaceuticals, and accidental spills also play an important role [6] . A summary about emissions of emerging contaminants found in the urban water cycle is given by Pal et al. [7] . The analysis of global trends in the chemical sector as
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*Correspondence: d.bunke@oeko.de 1 Oeko-Institut e.V. Institut für angewandte Ökologie, Institute for Applied Ecology, Merzhauserstr 173, 79100 Freiburg, Germany Full list of author information is available at the end of the article given in the Global Chemicals Outlook [8] shows that these emissions will continue and increase even further. Therefore, management strategies to ensure a good water quality should try to address the risks of future pollutants next to those of current concern. How can we predict them? The approach presented here is based on the hypothesis that existing scenarios on developments in society can give useful indications on future pollutants, and-in turn-provide information that might be useful for the design of preemptive management strategies that can prevent environmental deterioration even for novel compounds that will be designed and emitted in the future.
Recent developments in society and technology are described in a broad range of scenarios. Scenarios on climate change are well known and published by the Intergovernmental Panel on Climate Change (IPPC). IPCC is the international body for assessing the science related to climate change [9, 10] . The UNESCO (United Nations Educational, Scientific and Cultural Organization)-WWAP (World Water Assessment Program) refers to future trends in water consumption and water resources [11] . Other scenarios address demographic changes in European and global population growth, economic and technological changes. We reviewed the options to translate future societal scenarios into chemical emission scenario expectations, thereby including aspects of emissions, exposure levels, and expected impacts on human health and the environment, starting from a solution-focused paradigm of risk assessment. That is, we evaluate the scenarios with a view on derivation of mitigation measures that may support limiting current and future emissions, exposures, and risks, even for chemicals not yet designed, used, or produced.
The review presented here has three objectives:
• Overview on developments which are expected in society in the coming two, three decades; • Analysis to what extend these predictions can be used as an information source to qualify and/or quantitate the 'pollutants of tomorrow'; • Application of a solution-focused approach to the results, so as to discuss general mitigation options.
Existing scenarios for developments of society are identified and analyzed as to whether causal links exist between societal development and emissions of new or already known substances to the environment. For specific areas, expected developments are discussed in more detail with the aim to support the development of appropriate management options for risk management.
Approach
Which pollutants can be expected to occur if future developments in society and climate are taken into account? Such developments are described in a broad range of scenarios. The scenarios on climate change are well known and published by the IPCC [9, 10] . Other studies focus on economic, technological, and demographic developments. These changes in society can cause releases of new or already known substances to the environment.
The following sections give a review of developments in society which can be foreseen. In addition, they describe potential causal links between changes in society, use of chemicals/materials, and emissions of pollutants. This analysis refers to 33 publicly available studies with a large number of scenarios from different sectors (see Table 1 ).
The scenarios can be grouped as follows:
• The Global River Nutrient Report [24] ).
In addition to the aspects listed above, some of the studies analyzed address a number of related aspects such as a retrospective analysis of technological changes (EEA, Late lessons from early warnings [25] ) and EU Environmental Policy Targets for 2010-2050 [26] . In some cases, studies refer to several of the items mentioned above (see comment fields in Table 1 ).
Most of the scenarios which have been analyzed refer to five important developments: For each of these developments, it has been analyzed whether the described developments could have consequences for the emissions of substances and for the occurrence of emerging pollutants in surface waters. The following figure illustrates the implications of future developments in society on emerging pollutants (Fig. 1) .
The figure shows that certain developments in society (first level) and in sectors of society (second level) influence the use and emissions of chemicals and groups of chemicals (third level). These emissions affect the future water quality in river basins.
Results

Climate change
Climate change is one of the main future developments currently being discussed. Main references are the emission scenarios published by the Intergovernmental Panel on Climate Change (IPCC), IPCC Working Group III [9] . "Climate change is an increasingly urgent problem with potentially far reaching consequences for life on earth and also reports unequivocal global warming with evidence of increases in global mean air and ocean temperatures, widespread snow and ice melt, and rising global sea level" [27] . Droughts, floods, and water scarcity are the most important impacts which affect the behavior of pollutants in water. Changes in precipitation directly affect water dilution volumes, and thus concentration variability in space and time-while the net result of chemical load and water volume determines the concentrations that are eventually the key predictors of risks and impacts. These developments can be seen in the Mediterranean basin, one of the regions of the world that are most vulnerable to global change [28] . Predictions show that upcoming problems in water availability can be clearly seen in this region [29, 30] . IPCC forecasts that this region will have rising temperatures in summer, more droughts, and also stronger rainfall. In addition, the average river flow will decrease [31] . In these respects, freshwater ecosystems like the ones of the Mediterranean basin are particularly vulnerable to global change [32] [33] [34] . Water temperature and the frequency of large floods will increase in future [31] .
Droughts and floods, water scarcity, changes in water temperature, and also storm intensity will have consequences on the occurrence and concentrations of EPs. Climate change also affects the transport of contaminants, their transfer between compartments of the ecosystems and also their transformation. In addition, climate change has significant adverse consequences for the incidences of diseases and the related use of drugs. These impacts of climate change on EPs are described in more detail in the following sections.
Water scarcity and droughts: consequences of climate change
Due to climate change, water scarcity as well as droughts will increase. This development could have negative impacts on the flow river regime [28] and also on the chemical quality of water systems [31, 34] .
Even without changes in the mass of pollutants emitted, water scarcity leads to a higher concentration of nutrients, pesticides, surfactants, pharmaceuticals, and estrogenic compounds [35, 36] . Dilution capacity during droughts decreases. Therefore, the risk of pollutants in the environment increases. This might affect the functioning of the river ecosystem [3] . At present, this is a phenomenon particularly serious in arid or semiarid regions as the Mediterranean basin. Due to climate change, this problem might become more severe in other regions of the world, too. In arid regions, the contaminants could be concentrated in river waters even more than hitherto [37] .
The main uses of water by man are the production of drinking water and agricultural use. If water scarcity will increase, wastewaters must be reused for these applications. Pollutants from wastewater might be emitted to river waters, because the required purification of emerging pollutants in waste water before reuse is insufficiently effective, or often does not take place at all [28, [38] [39] [40] .
Torrential rainfalls and floods: consequences of climate change
Extreme weather events like rainfalls will affect river flows and thus cause an increasing shear stress [41] . Sediments may be mobilized and deposited in lakes and reservoirs. Problems with pollutants in floodplains are expected after possible flooding of sewage plants, extruded agriculture land, or waste dumps behind dams in which EPs are stored [42, 43] . So far, immobilized pesticides or other EPs can enter surface waters in the event of torrential rainfalls and floods. For example, concentrations of the insecticides carbayl and imidacloprid increased with the increasing storm intensity [27, 44] . Changes in the hydrological regime can mobilize stored contaminants [42] . Furthermore, contaminated water can deposit pollutants to agriculture land. Productive livestock or agriculture plants could absorb these contaminants originating from sediments or contaminated water [45] . Finally, these EPs could enter the (human) food chain.
Elevated water temperatures: consequences of climate change
Under changing climatic conditions, the water temperature at low river flow conditions will probably increase [28, 31] . This may lead to a synergistic effect of two stressor types: increasing amounts of emerging pollutants due to reuse of wastewater (see above) and also rising water temperatures. Wildlife will suffer from this second stress factor as well as from multiple other stress factors.
Climate change is expected to have further manifold implications on terrestrial and aquatic ecosystems. A constant increase of surface water temperature can alter or influence the environmental fate of chemicals, e.g., bioaccumulation, degradability, and mobility. Due to these changes, the exposure of biota to these contaminants can change. Elevated water temperatures may alter the biotransformation of contaminants to more bioactive metabolites, and impair homeostasis. In addition, the toxicity of contaminants may be enhanced with increasing temperatures [27, [46] [47] [48] . Higher water temperature has long been known to modify the chemistry of a number of pollutants, resulting in significant alterations in their toxicities, e.g., in that of fish [42] .
Higher water temperature is a further stressor for aquatic animals, but at the same time, will influence the uptake rate of pollutants by higher ventilation and the metabolic rate in fish, for example [49] . Another example for a synergistic effect has been reported for the Baltic amphipod Monopreia affinis. Combined exposure to increased water temperature and the fungicide fenarimol resulted in an increased numbers of females with dead eggs [42] .
Additional overviews about the interactions between various classes of chemicals and different environmental factors as temperature in aquatic organisms are given by Schiedeck, Heugens, and their colleagues [42, 50] .
Environmental behavior and fate of chemicals: consequences of climate change
Climate change can have a large effect on the environmental fate and behavior of chemicals [27] . Several biotic and abiotic factors influencing the behavior and the fate of chemicals [42] show a temperature dependency. Examples are air-surface exchange, wet/dry deposition, and reaction rates as photolysis, biodegradation, or oxidation in air [27] . Solar irradiations are expected to increase in intensity. This results in an intense photo degradation of chemicals such as pharmaceuticals (e.g., diclofenac and ibuprofen) or the X-Ray contrast medium iopromid [51] [52] [53] . An example is the photo transformation of the anti-inflammatory drug diclofenac. Its photo transformation products have been shown to be more stable as well as more toxic than parent diclofenac [52] [53] [54] . Similarly, the photo products of anti-inflammatory drugs showed an increase in toxicity [51, [55] [56] [57] .
Incidence of diseases and drug consumption: consequences of climate change
Climate-related environmental alterations are expected to be associated with an increase in chronic diseases already common in the Northern Hemisphere-such as cardiovascular, respiratory, and mental health problems. It is reasonable to assume that this will lead to a greater need for chemical medications, such as vasodilators, anticoagulants, anti-inflammatories, antidepressants, and analgesics, which then will potentially be emitted to the environment [58] .
Changes in climate are also expected to result in an increase in pathogens and invertebrate vectors (such as mosquitos) for infectious diseases. As new disease threats emerge, higher pharmaceutical use seems inevitable. It is likely that medical drugs not commonly employed at present such as antiprotozoal are prescribed in future to treat, for example, malaria, amebiasis, and other diseases [58] .
Demographic change in Europe
Demographic changes may be important for future chemical emissions. According to demographic predictions for the next 40 years, the total population in Europe will remain relatively constant [59] . In parallel, the growth of the share of people older than 65 in the whole population will exhibit an increase by 38% until 2030, while the fraction of people under 20 years old will decrease by 17% until 2030 [60, 61] . As a consequence, disease incidences will increase for those diseases that are typical for elderly people. Examples are heart and circulation diseases, cancer, or diabetes, the frequency of which is likely to increase [58, 62] . There will also be an increasing demand for pharmaceuticals that are used in association with the increasing mean age [62] .
Due to these developments, it is foreseeable that the consumption of pharmaceuticals will increase mostly in hospitals [63] and elderly homes, but also in privately owned homes. Pharmaceuticals like lipid regulators (e.g., bezafibrates), anti-inflammatory drugs (e.g., diclofenac), diabetic medications, and antibiotics are most frequently used by elderly people [49, 62, 63] . X-ray contrast medium and antineoplastic used in chemotherapy are further examples for groups of pharmaceuticals mostly consumed in hospitals but also in practical surgeries [64] . It is reasonable to assume that the consumption of these pharmaceuticals will further increase. Demographic change and pharmaceutical consumption are linked together [62] . Pharmaceuticals enter aquatic and terrestrial ecosystems [64] , and have even been detected in drinking water in small concentrations [65] .
World population growth and urbanization
The world population is projected to grow from 7.7 billion in 2015 to 9.7 billion in 2050 [66] . This increase will mainly take place in developing countries such as Africa, South America and Asia. The trend of a declining population in Europe is noticeable (see "Demographic change in Europe"). In the scenario of population growth, the trend could be observed that the number of inhabitants in big cities will increase rapidly. In 1975, only 38% of the world population lived in cities. Presently, around 50% of the people live in cities while around two-thirds of the global population is predicted to live in cities in 2030 [59, 67, 68] . This process of "urbanization" will entail many problems for the environment. It can result in increased concentrations of EPs in surface waters.
As a result of urbanization, the management of water, waste, and waste water as well as traffic regulation in cities will gain in importance. Urban development means also an increase of ground sealing (e.g., pavement, roads, and industrial areas) with negative impacts for the environment [69] . Natural land surfaces are transformed into impervious surfaces, such as streets, parking lots, and roofs. Percolation of rainwater and snowmelt through the soil is blocked [59, 11] . Ground sealing can increase the frequency and intensity of floods. Floods can transport pesticides, surfactants, pharmaceuticals, and other emerging pollutants to river systems, resulting in local pollution problems [11] .
Urbanization requires a proper management of waste water to avoid contamination of local freshwater resources [11] . The rising share of the population living in cities results in an increase in waste water volume. Purification systems are a requirement that has become more essential than ever to ensure good water quality. Growing cities require the conduction of rainfall and flood prevention, an effective waste water treatment, a decrease of pollution, and, in many cases, an integrated management of the water system for households and industry [68] .
Another important topic in big cities with impact on emerging pollutants is waste management [70, 71] . Waste and waste dumps are problematic stocks of contaminants. On a global scale, suitable waste management is not in place. Disposal flows with emerging pollutants such as plasticizers or deposits from pharmaceuticals can directly enter ecosystems and surface water [11] .
Some substances used for insulation materials in house walls are pollutants of emerging concern. Examples are the flame retardant hexabromocyclododecane (HBCDD) and biocides, such as terbutryn (used as a herbicide) and 2-octyl-2H-isothiazol-3-on [72] . These substances have already been found in surface waters. Terbutryn can be released by rain water from insulation mats. It contaminates the ground, surface, and drinking water. At present, no purification methods are yet available for these substances in waste water treatment plants. After having passed through the sewage-treatment plants, they are emitted to the receiving water bodies [73] .
These substances can become important future emerging pollutants, if buildings are replaced or renovated. This is likely to happen within the next 30-50 years. In a best-case scenario, all the renovation waste materials will be disposed as toxic waste. Or else, HBCDD and also terbutryn from historical uses will contaminate ecosystems, groundwater, and surface water for a long time, even if the future use of substances such as HBCDD will be prohibited by virtue of REACH, the European Regulation on Registration, Evaluation, Authorization and Restriction of Chemicals (https ://eur-lex.europ a.eu/legal -conte nt/en/TXT/?qid=15329 36325 230&uri=CELEX :02006 R1907 -20180 509).
A growing world population requires enough food for all, a condition which has not yet been fulfilled. The major source of providing food comes from agriculture within farming, cattle breeding, aquaculture, and forestry [68] . Water management is one of the biggest challenges for this development, good water quality being of high importance. As a result of the reuse of sewage water, a future circulation of agrochemicals and other emerging pollutants is expected in regions with water scarcity [3, 35] . Reduction of meat consumption, sustainable agriculture with a reduced use of pesticides, as well as a sustainable use of land and soil are necessary elements for a food production system which respects the planetary boundaries [74] .
Technological changes
Technological developments take place in a large number of sectors on a continuous basis. New products or new functions of existing products are generated. In many cases, these innovations are based on the use of specific substances. An example for such functionality is the permanent water resistance of outdoor textiles. It has been realized with the use of per-and polyfluorinated chemicals (PFCs) [75] . Such new developments can result in the emergence of new contaminations of surface water, if these substances are released during production, service life, recycling, reuse, or disposal of the products. For PFOA, PFOS, and several other PFCs, adverse properties (toxicity, ecotoxicity, persistence, bioaccumulation) have been confirmed [76] [77] [78] [79] [80] .
Technological changes are difficult to predict and are found in all branches. In the following sections, some examples are given for pollutants that have been emerging in response of such changes. In respect of these changes, two drivers can be distinguished:
• Regulation of problematic substances; • Technological developments with new uses of chemicals and materials.
Substitution of problematic substances due to regulation
The use of substances with very problematic properties may be prohibited by regulatory measures. Examples are restrictions for specific uses of substances under chemical legislation or the process of authorization under REACH [81] . Experience of the last decades has shown that very often regulated substances are substituted by substances which belong to the same structural group. Often, these substitutes show a similar behavior in the environment. Recent examples for EPs which have been "triggered" by regulatory measures are phthalates and per-and polyfluorinated compounds. A third example is brominated flame retardants. Recent monitoring studies show an increase in the concentrations of phthalates [diisononyl phthalate (DINP) and diisodecyl phthalate DIDP)], used as substitutes for low molecular weight phthalates which have been restricted by law throughout the EU [36, 82] . It can easily happen that phthalates are released out of a product because they are not chemically bound. They are semivolatile organic compounds. They can evaporate, be washed out, or abraded out of products [82, 83] . For several phthalates, severe adverse effects on humans and animals have been confirmed [84] [85] [86] . Phthalates are EPs frequently found in surface water [87] .
Similarly, restrictions on long-chain (C8) per-and polyfluorinated hydrocarbons (PFCs) lead to the replacement of these substances by short-chain 2-4 PCFs [82, 88] -which continue to be detected in the environment in increasingly high levels [89] .
These "new" phthalates and short-chain PFCs are not yet all regulated under a legal framework such as REACH. Therefore, producers can place these critical substances on the market.
Specific brominated flame retardants are the third example of substitutes triggered by regulatory measures. Hexabromobenzene (HBB) and bis(2,4,6-tribromphenoxy)ethene (BTBPE) are new, i.e., emerging pollutants-and substitutes for polybrominated biphenyls which have been forbidden by chemical legislation. The main emissions from these flame retardants result from the production of plastic materials over point sources. There are also diffuse sources such as migration from articles and elution of the flame retardant out of the products during production, use, or depollution. The persistent and bio-accumulative substances can be found in sediments, dust, in wild animals and humans [73, 90] . Their presence in surface water has furthermore been established by analysis. A review paper stated that there were increasing concentrations of brominated flame retardants in environmental waters [91] .
The flame retardant hexabromocyclododecane is another example of a substance for which substitutes can be expected in water in the near future. HBCD has been identified under REACH as a substance of very high concern. Since August 2015, the future use of this substance has been prohibited, unless authorization should be granted for specific uses (REACH Title VII, Art. 56).
Technological developments with new uses of chemicals
Approximately 70% of all product innovations in Europe are based on new material developments. Materials innovations comprise new substances, substance and material modifications (e.g., surface functionalization), new material combinations (e.g., multimaterial systems, composites), and new applications of established substances. Substitutions can be triggered by many different reasons: replacement of rare or costintensive raw materials, replacement of hazardous and toxic substances, and use of materials which allow for a better product performance [92] .
The VDI Technology Center has identified more than a hundred innovative technologies and materials, selecting 20 of them for a deeper analysis [92] . They belong to the following six groups: new production technologies (such as 3D printing), electronics (such as OLEDs and printable electronics), construction and lightweight engineering, energy, and environmental engineering (as organic photovoltaics), textile technologies, and functional materials and coatings (as polymeric foals) [92] . Many of the 470 substances compiled for these new technologies were polymers (polymers are exempted from the registration of REACH. However, the related monomers have to be registered). Convenience products are another product group in which many innovations have been generated in the last few years-resulting in EPs.
Convenience food and convenience in human care products are two groups of convenience lifestyle products [93] . Consumption of these products has been steadily increasing over the last decade. Often, they contain substances as sucralose or aspartame, used as food additives (sweeteners and aroma) Annual consumption rates are higher for products containing these substances [93] [94] [95] . Demographic change and urbanization further support the application of sucralose and other sweeteners. As described in "Demographic change in Europe, " the percentage of older people increases, resulting in higher rates of diseases such as diabetic. Popular diabetic products are made with sucralose or other sweeteners instead of sugar. This could increase the consumption of sucralose in the future. Sucralose as well as triacetin have already been detected as contaminants in surface waters [94] . It is reasonable to assume that their concentrations will increase, if the consumption rates will continue to increase.
Conclusion
Future developments in society can result in the emission of new substances to the environment. In this review, an investigation on many reports on trends in society has been carried out in terms of their potential implications on future emerging pollutants.
Scenarios on the development of society can give valuable indications on changes in future pollutants in river basins. Some developments are directly connected to the consumption and emission of specific substances, e.g., the demographic change in Europe. Due to the higher life expectancy in the following decades, it is reasonable to assume that the amount of pharmaceuticals circulating in sewage-treatment plants and the related concentrations in the environment will increase.
For specific product groups related to societal behaviors, there have been a growing number of indications for increased emissions. Examples are chemicals used for convenience products.
Other developments, such as climate change, are more complex. Its implications on future pollutants are much more difficult to predict in quantitative terms. The IPPC expects a rise in temperature as well as the increase of extreme weather events. As a result, the behavior of chemicals in water will change. The mobilization of chemicals from sediments might be facilitated by erosion, flood events, or rising water levels. Climate change will also affect behavior and risk attitudes of humans. All these aspects are linked and cannot be separated from each other.
Another important group of changes are technological developments. Substitutions of hazardous substances by substances with a similar structure are frequently observed. "New" phthalates as well as per-and polyfluorinated hydrocarbons (PFCs) are monitored in surface waters in increasing quantities after the regulatory control of a restricted number of substances of these classes. Some of the developments described here could be mitigated by political, societal, or technical efforts. A careful monitoring of developments in society can help to develop appropriate strategies which should include preemptive emission and impact reduction efforts. Recommendations for future work are described in the following section: "Recommendations: How to manage future emerging pollutants in river basins?" Future technological progress can contribute to delivering suitable alternatives for the currently used EPs as phthalates, PFCs, flame retardants, or nanomaterials. However, these new substances too might have a negative impact on the ecosystem. A preliminary examination of the risks associated with these substances together with a minimization of these risks from the very beginning has revealed its potential to become a selling point for novel technologies. In a Dutch project called Nano next, a specific method for Risk Analysis and Technology Assessment-termed RATA-has been developed. It includes a specific tool set to check new business ideas for risks-really at the beginning [10] . It could be an important tool to avoid the introduction of new emerging pollutants as a result of new technologies.
More dedicated research on the linkages between society, climate change, and production and consumption of chemicals will be needed. The ongoing horizon-scanning activity of the EU shows the importance of monitoring future development in society. This can help to predict and to manage future emerging pollutants [96] . The monitoring of developments has to be supplemented by a scientific analysis of causal links between trends in society and the use of chemicals and the resulting emissions.
Based on the analysis of scenarios presented here, we identified the following areas which are likely to undergo considerable changes in the next two decades: public health, food, urbanization, and technologies.
Recommendations: How to manage future emerging pollutants in river basins?
The following recommendations represent conclusions for a successful management of future emerging pollutants in river basins. They are based on the analysis of developments in society and their implications for emerging pollutants.
Note The following recommendations are quantitative. Within the project SOLUTIONS, information on tools have been provided which allow for the quantitation of future trends. Such tools can help to transform the following recommendations into quantitative objectives for a specific region or a specific river basin. They refer to the modeling of chemicals and risks, to the identification of priority pollutants and priority mixtures, to monitoring tools such as effect-based monitoring, to a solutionfocused management of chemicals and risk, to abatement and mitigation options, and other important elements for the river basin management of emerging pollutants. Comprehensive information on these elements is provided in a user-friendly manner in the decision support system, RiBaTox. It is the main result of the SOLUTIONS project. It helps decision makers to find the appropriate instruments for the management of future pollutants in river basins and to implement the necessary efforts (RiBaTox, Version 2018, https ://solut ions.marvi n.vito.be/).
Increase in pressure and change of pollutant pattern
Recommendation 1: Expect a future increase of the chemical burden in European river basins
Several developments in society will lead to increased emissions of future emerging pollutants to river basins. Examples are increased releases of biocides from building facades due to an increase in heavy rainfall events, increase of drugs against antiprotozoal due to an increase in the incidence of vector-borne diseases and an increase in emissions from the use of rodenticides in urban areas due to the growth of cities. This increase refers to the total emission, to the number of substances as well as to the complexity of the pollution pattern. Concentrations are expected to temporarily increase as a result of more extreme low river discharges.
Recommendation 2: Expect a future decrease of chemicals which are under strict regulatory control A number of industrial chemicals which have been identified as substances of very high concern already exhibits decreasing concentrations in environmental media (e.g., DEHP and PFOS). It can be expected that this trend will continue. If such chemicals have been used in articles or buildings in the past, larger stocks of these chemicals may still be present in the urban environment. The REACH candidate list contains the substances that have been identified in Europe as substances of very high concern. It can be foreseen that for these substances substitutes will be placed on the market. This development is supported by the fact that the safety of chemicals increasingly became the focus of controversial debate in society-as one reason to place more chemicals under strict regulatory control, e.g., endocrine disrupting chemicals.
Recommendation 3: Expect a future increase of substitutes for strictly regulated chemicals
In general, strictly regulated substances are replaced by other chemicals which have a similar function. Only in rare cases, changes in product design are made to avoid the use of a substance at all. In many cases, these substitutes also have problematic properties and can become future emerging pollutants. For several of such regrettable substitutes, increasing concentrations in the environment are found, e.g., for Bisphenol S.
More demand for integrated (waste) water management
Recommendation 4: Enlarge the capacity of integrated water management systems in urban areas
The ongoing growth of cities will lead to an increase in soil sealing in these urbanized areas. Climate change is expected to cause an increase in the frequency of heavy rain falls and stormy weather events in some regions, and increased droughts in others. Untreated storm water run-off has been found as an important source of urban pollutants: suspended solids, heavy metals, traffic-related micropollutants, plasticisers, flame retardants, and biocides. A combination of centralized and de-centralized technologies will be required to manage these emissions.
Recommendation 5: Improve water management systems in rural areas
In regions with climate-induced increases in precipitation, an increase of surface water levels with possible flooding of sewage plants or extruded agriculture land can be expected. It is becoming increasingly important to implement an advanced storm water management in order to avoid an untreated overflow of sewage-treatment plants and to prevent mobilization of pesticides from agricultural land.
Recommendation 6: Prevent/avoid reuse of untreated waste water in areas of water scarcity
Climate change is expected to cause an increase of areas and time periods with water scarcity. As a consequence, the need to use wastewater for irrigation will increase. This leads to an additional emission of contaminants to river basins, if the wastewater is not treated properly. Purification of waste water before reuse will become an even greater challenge in the years to come. In addition, if urban areas are adapted to a more circular economy and higher reuse rates of water, this adaptation should include a safe and circular design to prevent "recycling of risks" during reuse.
Regional development planning
Recommendation 7: Include scenarios on future regional developments in the river basin management plans Climate change as well as urbanization will result in changes in land use. Emission profiles from urban areas are quite distinct from rural areas. Changes in agricultural farming will lead to changes in the emission of pesticides and other agrochemicals which greatly influence the chemical burden and the appropriate abatement measures. The magnitudes of these effects strongly depend on regional conditions. Regional development plans should include predictions of these developments in order to find the most appropriate management option to avoid future emerging pollutants.
Monitor the total burden: chemicals and effects
Recommendation 8: Use monitoring approaches which allow for an assessment of the total chemical burden and its effects
The complexity of the pattern of pollutants will further increase in the future (see "Recommendation 1: Expect a future increase of the chemical burden in European river basins"). Therefore, monitoring approaches are needed which allow for an integrated assessment of the total chemical burden and its effects. Advanced effect monitoring could address specific biological endpoints as well as modes of actions which are expected for future emerging pollutants. The expected increase of emissions of pharmaceuticals should stimulate the monitoring of drug-specific endpoints relevant for both human and ecosystem health, e.g., behavioral changes in fish. 
Risk reduction and abatement
Priority setting in risk reduction
Abatement technologies, solutions-oriented approach
Recommendation 10: Apply abatement technologies in a solution-focused approach to also take into account future emerging pollutants Complex patterns of pollutants need an integrated approach for emission reduction. The selection of tools to identify and prioritize pollutants for further action should be guided by the regional or local chemical fingerprints, not on individual substances. Furthermore, risk reduction measures are required to address multiple exposures to legacy, present, and emerging pollutants in a solution-focused approach [97] . Site-specific abatement packages are required to address the priority pollutants on a regional or local scale [98] .
The following recommendations are addressed to national competent authorities and research institutions.
Reduce complexity
Recommendation 11: Support strategies to reduce the number and the total amount of critical substances
Many technologies are at hand to reduce the total amount of a substance needed for a given purpose, e.g., precision farming and personalized medicine. These options should be supported to reduce the quantity of emissions and the total burden of chemicals in river basins. In addition to the reduction of the total amount used, attention should be given to the requirement of reducing the complexity of the pollutant pattern by minimizing the number of problematic substances which are used.
Track consumption of chemicals of high concern
Recommendation 12: Monitor the total volumes of critical substances in use Data on the total use volume and the related uses can be drawn upon to predict critical emissions. Such data (as from the Nordic product registers) furthermore allow us to monitor the success of substitution measures over time. National or EU-wide use data should be requested and used to monitor high-priority groups of chemicals. Such data can be aggregated to obtain the total burden related to substances or substance groups with specific modes of actions or with critical properties (e.g., persistent mobile organics) and to predict transformation products. For critical substances, it is crucial to better understand main drivers of consumption (e.g., the role of marketing) and options to influence these drivers.
Look into the future: horizon scanning and more. What comes up?
Recommendation 13: Predict future emerging pollutants
By 2030, several developments in society will have severe implications on the water quality of river basins. An analysis of these developments provides important indications for future emerging pollutants, e.g., an increase of rodenticides in urban areas. Therefore, developments in society should be systematically analyzed, as they are able to reveal future EPs on the basis of which water management strategies can be adjusted. Horizon scanning, sector-specific analyses, and substitution checks for strictly regulated substances are important instruments available for the prediction of future emerging pollutants and the decision which of them should be used.
Recommendation 14: Screen ongoing technological innovations regarding new materials and chemicals
The majority of innovations is based on new materials. The horizon scanning of technologies helps identify new materials and chemicals which can be expected to be used in the future. This work should be accomplished together with materials scientists, involving the industries concerned by these developments at an early stage.
Prevent from the beginning: conduct technology assessments at an early stage/design by benign However, an assessment of potential releases and an identification of more sustainable chemicals have been carried out only very rarely in the early stages of technology development or product development. At a later point in the development process, it can be more difficult to replace problematic substances than in the beginning. Therefore, such an assessment should become a key step early in the design process. If risks are checked in advance and minimized from the very beginning, a powerful sales argument for novel technologies could be built up. The Risk Analysis and Technology Assessment-termed RATA-is an example for such an early assessment [98] . It includes a specific tool set to check new business ideas for risks-at the very beginning.
Recommendation 16: Support design and use of better degradable and more sustainable chemicals
The production and use of more sustainable chemicals should be promoted. The use of better degradable and less hazardous substances avoids problematic emissions at an early stage. This contributes significantly to the avoidance of complex emissions [99] .
Model future chemical burdens
Recommendation 17: Use quantitative trend indications to model and to predict future emerging pollutants
Due to differences in land use, population density, climate conditions, and other factors, large regional differences can be expected in future chemical burdens [100] . Impacts of developments in society on future emerging pollutants can be integrated in exposure and risk modeling. Examples are predictions on demographic change and changes in the consumption pattern of pharmaceuticals during their life-time. The modeling of future emerging pollutants contributes to the identification of appropriate management measures and strategies. Two approaches can be used to model future emerging pollutions: site-specific modeling of future pollutants and chemical footprints.
Site-specific modeling can use Trend Indications (TIs) to show in which way future developments will change chemical pressure. Trend Indications also illustrate the effects of different options to act (see the following Fig. 2) .
To model future chemical burdens, scenarios that are combinations of several trends described above will be developed. They furthermore include assumptions on emission reduction measures taken and on their efficiency.
Chemical footprints visualize chemical burdens, based on the modeling of complex mixtures of pollutants. Chemical footprints are calculated and discussed in relation to planetary boundaries. These calculations reveal the main drivers for chemical burdens. Using the Trend Indications described above, an analysis how developments in society affect these drivers can be made. Scenarios can reflect important objectives as circular economy and different options to reach these goals. This makes it possible to compare present and future chemical burdens-including future emerging pollutants [101, 102] .
Grouping and functional substitutes
Recommendation 18: Avoid regrettable substitution by grouping approaches Problematic substances are frequently replaced by substances with other problematic properties. Future technological progress may help identify suitable alternatives for emerging pollutants that are currently used, such as phthalates, PFCs, flame retardants, or nanomaterials. These new substances, however, can also have negative impacts on the ecosystem. Therefore, structurally related substances with similar problematic properties should be placed together in a group. Voluntary activities as well as-if necessary-regulatory actions should address such groups of substances instead of focussing on single substances. Chemicals within a group can have similar structural characteristics or can show the same mode of action (MoA). Grouping helps avoid regrettable substitutions (by chemicals of the same groups) and support functional substitutions.
Recommendation 19: Support identification and use of functional substitutes
Common substitutes for problematic substances should be systematically assessed regarding their hazard potential and related risks. For important chemicals that are strictly regulated, the development of less hazardous substitutes or nonchemical solutions should be stimulated.
Information and behavioral changes
Recommendation 20: Inform downstream users about critical substance properties and critical substances Downstream users of chemicals have several options to reduce their emissions. They need to be provided with clear information as to which substances are of concern in terms of water quality. For substances of very high concern, identified under REACH, this information is available. For other chemicals with problematic properties such information is still missing, e.g., for the group of persistent and mobile organic chemicals (PMOCS), and the group pf persistent, mobile, and toxic chemicals (PMT substances). It is very important for formulators and end users of chemicals to be fully informed about the type of substances which belong to these groups-and should be replaced by less problematic ones.
Recommendation 21: Support awareness-raising actions for consumers
Remarkable reduction of critical emissions could be brought about by behavioral changes, e.g., in drug consumption. Industrialized countries show an increasing prevalence of obesity, diabetes, cancer, and depression. This usually results in an increased use of the related pharmaceuticals. In the newly industrialized countries an easier access to pharmaceuticals is given. Novel chemical treatments could support a more effective use of pharmaceuticals with lower emission levels. Between various countries, however, there are large differences regarding the consumption patterns of drugs. Higher emissions are found in the case of over-the-counter drugs which do not require a prescription. Awareness-raising actions for consumers are considered to provide a significant potential for emission reduction in order to support behavioral changes.
Outlook
Our analysis on developments in society revealed that many changes can be expected with regard to future emerging pollutants. It is considered very likely that at least a part of them will occur. This makes it possible to decide on political, societal, or technical mitigation efforts to reduce the chemical pressure on river systems.
A careful monitoring of developments in society is needed to develop appropriate mitigation strategies. End-of-pipe technologies, however, are not sufficient to achieve this aim. There is a need for enhanced input reduction and prevention measures. Furthermore, there is a need for horizontal instruments which include approaches for the design and production of more sustainable chemicals and products. A broad variety of abatement technologies is still available with regard to The real values of these numbers depend on the conditions chosen for the scenarios pollutants [103] . To achieve an effective and successful management of river basins, mitigation options for chemicals of major concern have to be applied in a prioritized and solution-focused approach. An extended conceptual framework for the solution-focused management of chemical pollution in European waters has been developed and applied within the SOLUTIONS project on emerging pollutants [97] . The decision support system, RiBaTox, may serve as guidance to decision makers regarding the identification of appropriate instruments to select and implement these efforts (RiBaTox, Version 2018, https ://solut ions.marvi n.vito.be/ 
